ABSTRACT: Fluorescent oligonucleotide probes can be used to identify bacterial cells by hybridizing to specific rRNA sequences that are unique to a taxon. It has been suggested that single-cell RNA content could be estimated from the resulhng cell fluorescence, which is directly proportional to rRNA content However, this possibility was never assessed quantitatively for use in field studies, where most natural bacteria, due to their small size and slow growth, do not have enough rRNA to yield sufficient fluorescence for detection. One approach for increasing the fluorescence per rRNA molecule IS the use of multiple probes targeted to independent sites in the rRNA molecule. In this study, we hybridized n~ultiple probes (3 universal and 4 bacterial) to cultured marine bacterial isolates, and to natural bacterial assemblages from coastal water. For S of the 7 probes (2 probes did not hybridize to some of the isolates), cell fluorescence increased linearly with the number of probes hybridized. The natural bacterial assemblages showed an asymptotic increase of the probe-labeled fraction from ca 20% (1 probe) to 75% (5 probes) of the total population. The estimated detection limit was 0.3 fg RNA cell-' with S probes. RNA contents estimated from the fluorescence of probe-labeled cells agreed well to those determined separately by ethidium bromide fluorometry (differed by average 16 %, n = 3). Calibration of the photometer against fluorescence standards was critical for accurate measurements and comparisons.
such target sequences, can help identify individual cells by fluorescence microscopy (DeLong et al. 1989 ). The fluorescent probe method provides a powerful tool to study the phylogeny of naturally occurring bacterial cells (DeLong et al. 1989 , Amann et al. 1990b , Distel et al. 1991 . This method does not require prior culturing of cells for identification, thus avoiding the problem that few natural marine bacteria appear to be cultivable (Lee & Fuhrman 1991) .
In addition to phylogeny study, RNA content of individual cells can also be estimated from the fluorescence of the hybridized probes (DeLong et al. 1989 ). This is possible because, ideally, probe molecules hybridize in 1:1 proportion to cellular rRNA molecules, and each probe molecule carries a constant fluorochrome label. Since the majority of cellular RNA is ribosomal, and 16s rRNA is a relatively constant fraction of the total rRNA (Bremer & Dennis 1987) , probe fluorescence should be proportional to the total RNA content of cells. DeLong et al. (1989) demonstrated a close relationship between the cellular RNA content and the fluorescence of Escherichia col1 cells hybridized with fluorescent probes.
Unlike cells from lab cultures or nutrient-rich natural environments, natural marine planktonic bacteria often do not contain sufficient rRNA to generate a measurable level of fluorescence due to their small size and slow growth. To increase fluorescence, one might use a probe labeled with multiple fluorochrome molecules, or a secondary-fluorescence approach in which multiple fluorochromes (or other marker molecules) are carried to a hybridized probe by an accessory molecule. Both approaches are under development. Unfortunately, probes with multiple fluorochromes directly attached can result in poor or nonspecific binding (Arnann et al. 1990a , DeLong 1990 , Zarda et al. 1991 . Secondary attachment of fluorochromes can enhance signals significantly (DeLong 1990 , Zarda et al. 1991 , and references therein), but the large size of the carrier molecule presents problems in delivering fluorochromes to the hybridized probes across cell walls. Procedures required for the secondary-fluorescence methods (e.g. treatment with lysozyme for the cell wall digestion, or quantitative labeling of the carrier molecule with multiple fluorochromes) seem impractical or impossible when working with a natural community of heterogenous bacterial populations.
An alternative means of increasing fluorescence is the use of multiple probes carrying single identical fluorochromes ( 1 fluorochrome molecule per probe), but targeted to independent sites in the rRNA molecule (Amann et al. 1990a) . Using this approach, Amann et al. (1990a) observed a general increase of the fluorescence in hybridizations of 3 probes to a cultured bacterium. The multiple-probe method, if there are sufficient target sites available for a defined taxon, seems straightforward and technically simple. However, the multiple-probe method has never been quantitatively evaluated for fluorescence-based measurements of single-cell RNA content, nor tested with field samples of natural bacteria.
Cellular RNA content is known to reflect cell activities and growth rate. Past studies have shown strong correlations between the growth rates of cultured, fastgrowing bacteria and their cellular RNA contents measured from nucleic acid preparations (Schaechter et al. 1958 , Bremer & Dennis 1987 , DeLong et al. 1989 , Kemp et al. 1993 . The correlation results from the direct role of ribosomes in protein synthesis. Given this correlation, probe-based measurements of single-cell RNA contents should prove extremely useful for the study of in situ activities of natural bacteria. Potential advantages include: (1) the method does not require sample incubations that often perturb the natural systems (Kroer & Coffin 1992) ; (2) cellular RNA content of particular organisms in the mixed populations can be measured (and the organisms simultaneously identified) by using probes designed for specific organisms; and (3) measurements from individual cells will provide cell-based informations, in particular, frequency distributions. Current methods for bacterial activity measurements, which invariably average the activity over the entire assemblage, cannot provide such information.
This study explored the potential of the multipleprobe method for measuring RNA content of natural bacterioplankton. Various combinations of 7 different probes [3 universal and 4 bacterial (formerly eubacterial; Woese et al. 1990) ) were hybridized to cultured or natural bacterial cells. We examined the hybridization performances of the individual probes and the increase in fluorescence with multiple probes. Cell fluorescence was converted to cellular RNA content using an empirically-determined relationship between the two. We then compared the mean RNA cell-' in field samples, as measured independently by ethidium bromide fluorometry and probe fluorescence. They were in good agreement.
Materials and methods. Cell preparation: Cultured cells: Four marine bacterial strains, isolated from oceanic water (3 isolates) or sediment (1 isolate), were grown separately in an autoclaved seawater-based medium at 22°C. Cells were collected on a 0.2 pm Nuclepore filter (Costar, Cambridge, MA, USA), and immediately resuspended in 1 m1 of an ice-cold mixture (9:l by vol) of phosphate buffered saline solution (PBS: 145 mM sodium chloride, 100 mM sodium phosphate, pH 7.5) and formalin (filtered through GS filter; gamma-purple delta-purple Fig. 1 . Phylogenetic tree based on 16s rRNA sequence analysis. The 4 marine bacterial isolates used in this study are GBW1, GBW2, GBSEDl and SARW1; names as mnemonics for the collection locations (GB: Georges Bank; SAR: Sargasso Sea; W: water column; SED: sediment) with the serial number.
The isolates were sequenced by the reverse transcription method (Lane et al. 1988) . Sequences of the other bacterial species are from the U.S. National Ribosomal RNA Database at Indiana University. The tree was constructed using the Phylip program, and shows unrooted phylogenetic distances.
SARWl was not included because the obtained sequence was not long enough for a valid comparison. Under the given growth conditions, the isolates were short rods, and the long axis was about 2 to 3 pm (GBW2, GBSED) or 1 to 1.5 pm (GBW1, SARWl) Millipore, Bedford, MA). Growth rates of the 4 isolates at the time of collection were 0.07 to 0.1 h-'. Fig. 1 shows the phylogenetic relatedness of the bactenal species based on partial (300 to 800 bases) 16s rRNA sequence analysis.
Natural cells: Coastal seawater freshly collected from Smith Point inlet, Long Island, New York, USA, was filtered through Gelrnan A/E glass fiber filters (Gelman Sciences, Ann Arbor, MI, USA) to remove eucaryotic cells and detritus. The prefiltration removed 10 to 20 % of bacterial cells, mostly particle-associated or large cells. Cells for the hybridizations were collected by filtering ca 50 m1 of the A/E filtrate on a 0.2 pm Nuclepore filter, and preserved as described above. Cell concentrations were determined by the 4',6-diamidino-2-phenylindole (DAPI) direct count method (Porter & Feig 1980) . Natural cells were also collected for the extraction of nucleic acids by filtering ca 200 to 300 m1 of the A/E filtrate onto 0.2 pm Nuclepore filters. The filters were immediately processed (see below), or stored at -70°C until nucleic acid extraction. Samples for probe hybridization or nucleic acid extraction were kept cold (<6"C) during filtration, which required 1 to 1.5 h.
Probes: Table 1 lists the probes we used for this study, including 2 negative-control probes. Target sites are presumptive universal sites (universally conserved among living organisms) and bactenal sites (conserved at least among Bacteria in classification of Woese et al. 1990 ). Probe sequences were either from published probe sequences (Giovannoni et al. 1988 , Amann et al. 1990a , or chosen from bacterial sequences selected from the U.S. National Ribosomal RNA Database at Indiana University. We intended to select relatively general probes of at least bacterial-level specificity.
Oligonucleotides modified with an amino group at the 5' end were custom-synthesized (Oligos etc., Inc., Wilsonville, OR, USA). One volume of Texas Red (TR) sulfonyl chloride (Molecular Probes, Eugene, OR) dissolved in dimethyl formamide (10 pg p1-l) was mixed with 2.5 volumes of the oligonucleotide dissolved (1 pg p1-l) in distilled/deionized water and 2.5 volumes of 100 mM borate buffer (pH 9.2), and incubated overnight at 22 "C. Fluorochrome-conjugated oligonucleotides (i.e. fluorescently-labeled probes) were separated from unconjugated fluorochromes and unlabeled oligonucleotides by Sephadex G-25 (Pharmacia, Uppsala, Sweden) column chromatography and nondenaturing polyacrylamide (20 %) gel electrophoresis.
Whole cell hybridization: We followed the protocols of Giovannoni et al. (1988) , DeLong et al. (1989) and Amann et al. (1990a) with some modifications.
Cell smearing and immobdzation: Cell permeabihzer (Nonidet P-40; Sigma, St. Louis, MO, USA) was added (final conc. 0.1 %) to the preserved cell suspension and incubated overnight at 4 "C. Cells were stained with DAPI (final conc. 10 yg rill-') for 5 min and resuspended in an appropriate volume of 0.1 % Nonidet in H 2 0 (Hicks et al. 1992) . About 10 to 15 p1 (a total of ca 1 to 5 X 106 cells) of the cell suspension was smeared on a gelatin-coated slide [gelatin solution, 0.1 % 
G(A/T)A'ITACCGCGGC(G/T)GCTG-3'
Control (~r c h a e a ) ' TCCGGC(A/G)GGATCAACCGGAA-3' 71.3 aMelting temperatures (T,;"C) are from a formula supplied by the manufacturer: T, , , = 81.5 + 16.6 X log[NaC] + 0.41 (% molar G+C) -675/bp, where [Na'j = 0.75; bp = number of bases bUniversal probes A, B and C match the universal priming sites A, B and C of the dideoxy reverse transcription method (Lane et al. 1988) . The 3' ends approximately match to Escherichia coli positions 520, 910 and 1390 respectively CBase degeneracies given in parentheses dPresumptive bacterial (formerly eubacterial; Woese 1987 , Woese et al. 1990 ) probes. The numbers after Eco denote the E. coli positions as described above eSequence identical rather than complementary to portions of 16s rRNA 'Sequence unique to Archaea (formerly Archaebacteria; Woese 1987 , Woese et al. 1990 slides in 5 x SET. The slides were washed 3 times by immersion in 0 . 2~ SET at 37 "C for 10 min each and dried at room temperature. A cover slip was placed on the cell smear with a few drops of mountant (9 volumes of glycerol mixed with 1 volume of PBS).
Multiple probing: Probes Universal B and Eco790 did not hybridize to some of the bacterial isolates. Different combinations of the 7 probes were hybridized to the bacterial isolates, excluding any nonhybridizing probe(s) for each isolate. For the natural samples, a total of 1 to 5 probes (Universal B and Eco790 were not used) were hybridized. For the combinations, probes were selected randomly without regard for their hybridization performance (i.e. brighter or dimmer fluorescence when used as single probes; see 'Results and discussion').
Microphotometry and epifluorescence microscopy for measurement o f single-cell fluorescence: Slides were viewed with Nikon DM580 (TR) and DM400 (DAPI) excitation filters. Fluorescence was measured with a scanning microphotometer (Optical Technology Devices, Elmsford, NY, USA) mounted on a Nikon Optiphot microscope, at an emission wavelength of 600 nm (TR) with an Osram HBO 100 W/2 mercury lamp. The photometer system outputs a voltage signal which is read by an analog: digital converter board, and data are recorded automatically by a microcomputer. About 150 cells were measured from each slide.
Photometer calibration was done by measuring fluorescence of TR-coated microbeads (n = 150) from a standard slide (Flow Cytometry Standards Corp., Research Triangle Park, NC, USA) at every session of fluorescence measurement. Fluorescence intensities measured from cells were expressed as fractions or multiples of the mean fluorescence of the standard microbead. This provided a correction for day-to-day variations in photometer instrument settings and output.
TR fluorescence fades as the fluorochrome is exposed to irradiation, reaching to 1/2 brightness after ca 35 S. Variation of the fluorescence measurements due to photobleaching was controlled by measuring the fluorescence consistently in the first 7 to 10 S of the exposure. From control slides where no probes were hybridized, we occasionally observed auto-fluorescent cells (ca ~5 % of the total cell count), mostly cyanobacteria, in the natural samples. They were readily identified by their fluorescence intensity and morphology and were excluded from the TR fluorescence measurements.
DNA and RNA measurements b y ethidium bromide fluorometry: Natural bacterial cells collected on the Nuclepore filters were lysed in TE (10 mM Tris, 1 mM EDTA, pH 8.0) with 1 % SDS. The filters were removed from the liquid, and the crude lysate was ethanolprecipitated overnight with ammonium acetate (final conc. 2.3 M) at -20°C. A crude precipitate was collected by centrifugation (10 min, 12 OOOx g ) , dissolved in TE (pH 8.0), and extracted once with a phenol/ chloroform/isoamyl alcohol mixture [25 : 24 : 1, equilibrated with STE (100 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0)], and once with chloroform. The interphase between the aqueous phase and the phenol mixture was carried to the chloroform extraction, in order to minimize the loss of nucleic acid. The final aqueous phase was again ethanol-precipitated, and the precipitate was collected by centrifugation as described above. The pellet was then dissolved in TE (pH 8.0). Nucleic acids were quantified by a modified method of ethidium bromide fluorometry (Thoresen et al. 1983 ) with a Perkin Elmer spectrofluorometer (excitation at 300 nm, emission at 600 nm). DNA was measured from subsamples digested with DNase-free RNase (Boehringer Mannheim, Indianapolis, IN, USA) for 2 h at 37°C. Complete digestion of RNA under these conditions was verified by agarose gel electrophoresis. RNA-fluorescence was determined as the difference in fluorescence before and after the RNase digestion. DNA-or RNA-fluorescence was converted to DNA-or RNA-amount (wt) using standard curves generated with calf thymus DNA (Sigma) or Escherichia coli rRNA (Sigma). Mean RNA cell-' was calculated by dividing the total amount of the extracted RNA by the total number of cells collected for the nucleic acid sample.
In order to estimate the loss (or degradation) of nucleic acids during the extractions, known amounts of the standard DNA and RNA were added to parallel samples and quantified as for the natural samples. Average RNA recovery was 86%, ranging from 76 to 100%. DNA recovery was slightly lower (81 % ) . However, our DNA and RNA data were not corrected with these recovery efficiencies.
Results and discussion. In working with multiple probes, a compromise set of hybridization conditions (i.e. stringency) must be used, but the resulting hybridization efficiencies may not be identical among probes for the reasons discussed below. We first examined whether the hybridization stringency was optimal for all 7 probes. In general, nonspecific binding indicates low stringency, whereas higher stringencies favor perfect matches between probe-target base pairs. When checked with the negative-control probes at various concentrations (50 to 200 ng in 30 p1 of the hybridization solution), nonspecific binding was not observed under our hybridization conditions. Positive probes at elevated concentrations (100 to 200 ng of 1 probe in 30 p1) did not increase the hybridization signal over the normal concentration (50 ng in 30 ~l ) , Hybridization efficiencies of multiple probes under a single stringency will be further discussed below.
For all 4 bacterial isolates, fluorescence per cell increased in a linear fashion with the number of probes hybridized (Fig. 2) . Each data point of Fig. 2 is a 'grand mean' obtained from 2 to 5 determinations of the mean cell fluorescence, and each determination of the mean cell fluorescence was from ca 150 cells hybridized with either single probe (single-probe hybridlzations) or P;-, iber of Probes Hybr ~dlzed Fig. 2 . Increase of mean cell fluorescence with the number of probes hybridized. Four panels from the 4 cultured marine bacterial isolates GBW1, GBW2, GBSEDl and SARWl (see Fig. 1 for names) . Each data point represents a mean from 2 to 5 determlnations of mean cell fluorescence, and each determination is from ca 150 cells from a slide. Error bar: ? 1 SD different combinations of the probes (multiple-probe hybridizations). Note the different scales of the cell fluorescence among the 4 isolates (Fig. 2) because of the inherent differences in cell size and cellular RNA content. For comparisons of the probe performance among isolates, we proportionately adjusted the fluorescence data for each of the 4 isolates, so that the inherently different starting points were brought to a single baseline. For each isolate, the grand mean from the singleprobe hybridizations (the first data point in each panel of Fig. 2 ) was the norm for the adjustment. We divided (normalized) the mean cell fluorescence obtained from any single-probe or multiple-probe hybridizations by the grand mean of the single-probe hybridizations. The grand mean of any isolates became 1 by definition when normalized (divided by itself), providing the same baseline for comparisons across the isolates. Therefore, the normalized fluorescence is a measure of the 'performance' of any single probe or combination of probes, relative to the average performance of single probes.
In Fig. 3 , individual data points are presented showing how the normalized fluorescence data are dispersed in relation to the number of probes hybridized. The pattern of the increase was nearly additive. At 4 to 5 probes, observed data appears to fall slightly (by almost 10 %) below the expected additive increase of fluorescence (dotted line). We do not exclude the possibility that probe-probe interactions may have occurred with con~binations of multiple probes. For example, multiple probes may form cross-hybrids to Careful selection of probe sequences will minimize this problem. However, the observed near-additive response suggests that such interactions were almost absent or minor with combinations of 2 to 5 probes. We only have 2 data points for 6 probe hybridization, because 2 probes did not bind some of the isolates. Fluorescence of the single-probe hybridizations showed a substantial variation, ranging from ca 0.5 to 1.5 in normalized units (Fig. 3) . This means the singleprobe performance varied maximally by as much as 3 times. Possible reasons for the variation are (1) experimental and instrumental errors, (2) different hybridization performances of the probes for the different bacterial isolates, i.e. probe-isolate interactions, and (3) variations in the specific fluorescence of the probes (mean fluorescence per probe molecule). Although f!uorochrome-labeled oligonucleotides are routinely purified, incomplete purification or degradation during storage could cause different probes to have different specific fluorescence. However, this was found to be not significant (see below).
As for the measurement errors, (l), replicate slide preparations showed CV (coefficient of variation) of ca 10% for the mean cell fluorescence, and replicate means from a slide showed CV <10%. It is unlikely that the variation in probe performance was due primarily to experimental and instrumental errors.
To evaluate the other possible reasons, (2) and (3), we examined the probe performance of the individual probe-isolate pairs. In using multiple probes under 1 stringency condition, probes of different molar G + C content or different length (number of bases) can have different optimum hybridization temperatures (Britten h Davidson 1985), because of differences in their melting temperatures (T,; Table 1 ). Fig. 4 shows that there was no isolate that consistently hybridized well or poorly for all of the probes, and no probe yielded consistently high or low fluorescence for all of the isolates. No significant differences of the normalized fluorescence were found among isolates or probes (2-way ANOVA analysis). From the ANOVA, we concluded that variations in specific fluorescence among probes, (3), were not significant.
The ANOVA analysis indicates that probes of higher G+C content (or higher T, ) performed no better than probes of lower G + C content (or lower T,). However, Fig. 4 shows that certain probe-isolate pairs yielded relatively low or high fluorescence, i.e. (2) probe-isolate interactions. This is probably because of the minor base-pair (1 or 2) mismatches (Amann et al. 1990b) , which was unavoidable when using multiple probes against multiple target organ- Fig. 4 . Performance of the individual probe-isolate pairs. Normalized mean cell fluorescence of a probe is presented above the probe's melting temperature (T,,,) . See text for description of normalization. Each data point represents a mean of ca 150 cells from a slide. Different symbols indicate the 4 bacterial isolates. T i e 2 prooes at the 2 nighest Tm values actually have the same T', (70.3"C) , but are separated for clarity isms under a single stringency. Structural conformation of an rRNA molecule may also affect hybridization efficiency, restricting access to the target sites, especially for in situ hybridizations (Taneja & Singer 1987) . Both of these problems equally apply to the method using a probe labeled with multiple fluorochromes, however it is more difficult to assess the mechanism or the impact of reduced hybridization efficiency when single-fluorochrome-labeled multiple probes are used.
Although the single-probe performances varied substantiaIly among the probe-isolate pairs (3-fold; Fig. 3 ), or within a probe (2-fold; Fig. 4) , performances of multiple probes showed less variation with use of multiple probes. CV decreased with increasing number of probes (Fig. 3) . We speculate this is due to the overall signal enhancement (increase of mean), as well as the use of multiple probes which probably dampened the variation of individual probe's performance by adding up the positive or negative deviations from the mean (decrease of variance). Use of multiple probes thus should give more reliable estimates of RNA content in natural mixed populations of bacteria, compared to any single probe.
Unlike the cultured marine isolates, natural bacterial assemblages contained cells that were not visibly probe-labeled. The fraction of the probe-labeled cells increased asymptotically with increasing number of probes (Fig. 5 ). Combinations of 3 or 4 probes labeled most of the cells that could be readily detected by the current technique; the labeled fraction increased only slightly with 4 or 5 probes. Use of still more probes would not substantially improve labeling with the current state of the fluorochrome technique and micro- We calculated the mean cell fluorescence of the natural populations by averaging the fluorescence from the probe-labeled cells over the entire population, which includes the cells detectable with DAPI but not with probe fluorescence. This is equivalent to recording zero fluorescence for the undetectable cells. It was necessary for a correct comparison of the fluorescence-based RNA to the RNA content determined by ethidium bromide (EtBr) fluorometry, which averages the RNA over the entire population. As with the cultured marine isolates, cell fluorescence of the natural samples increased in a linear and additive fashion with the number of probes hybridized (Fig. 6 ) .
We converted the mean cell fluorescence to cellu- lar RNA content, using an empirical relationship (regression; n = 17, r 2 = 0.79) obtained from a separate study (authors' unpubl, data) where cell fluorescence was related to cellular RNA determined by the EtBr fluorometry, i.e. the same method used in this study. The RNA contents determined by the 2 independent methods, probe fluorescence and EtBr fluorometry, agreed well (Fig. 7) . They differed by an average of 16%. This supports the quantitative use of the fluorescent probe approach for in situ studies of RNA contents, as a tool for examining microbial activity. This technique measures femtograms of RNA from individual natural bacterial cells (Fig. 7) . Mean RNA cell-' reported in this study, 3 to 5 fg, agrees well with the cellular RNA content of marine bacteria calculated from the cell size using a conversion factor (Sirnon & Azam 1989, and references therein). The average signal of the cell fluorescence (equivalent to 3 to 5 fg RNA) was typically more than 10 times the background noise of the photometer. Therefore, we esti- Although strong correlations between growth rate and cellular RNA content have been found in laboratory studies (Schaechter et al. 1958 , Bremer & Dennis 1987 , DeLong et al. 1989 , Kemp et al. 1993 , further studies are needed for application and interpretation of RNA content measurements in the field. For example, one must consider how to convert RNA content to cell activities (e.g. growth rate), or what factors would affect the relationships between the RNA content and the cell activity. If this technique is used for a particular species of bacteria in a natural assemblage, it may be possible to convert the RNA content to a growth rate using a relationship empirically determined in the laboratory. However, for a natural assemblage that contains diverse bacterial species, cellular RNA contents may prove difficult to interpret (as activity measurement) because of the inherent differences among species. Simultaneous measurements of cellular RNA content, DNA content, or size in individual cells by flow cytometry or image analysis, may help correct for these inherent differences. The method presented here allows us to begin examining the usefulness of RNA-frequency distributions.
